Multidrug-resistant Pseudomonas aeruginosa is one of the worldwide health problems involved in elevated mortality and morbidity. Therefore, it is important to find a therapeutic for this pathogen. In the present study, we have designed a chimeric vaccine against P. aeruginosa with the help of comparative proteomics and reverse vaccinology approaches. Using comparative subtractive proteomic analysis of 1,191 proteomes of P. aeruginosa, a total of twenty unique non-redundant proteomes were selected. In these proteomes, fifteen outer membrane proteins (OMPs) of P. aeruginosa were selected based on the basis of hydrophilicity, non-secretory nature, low transmembrane helix (<1), essentiality, virulence, pathway association, antigenic, and protein-protein network analysis. Reverse vaccinology approach was used to identify antigenic and immunogenic MHC class I, MHC class II and B cell epitopes present in the selected oMps that can enhance t cell and B cell mediated immunogenicity. the selected epitopes were shortlisted based on their allergenicity, toxicity potentials, solubility, and hydrophilicity analysis. Immunogenic peptides were used to design a multi-epitope vaccine construct. Immune-modulating adjuvants and PADRE (Pan HLA-DR epitopes) sequence were added with epitopes sequence to enhance the immunogenicity. All the epitopes, adjuvants and pADRe sequence were joined by linkers. The designed vaccine constructs (VT1, VT2, VT3, and VT4) were analyzed by their physiochemical properties using different tools. Selected chimeric vaccine constructs (VT1, VT3, and VT4) were further shortlisted by their docking score with different HLA alleles. The final selected VT4 construct was docked with TLR4/MD2 complex and confirmed by molecular dynamics simulation studies. The final vaccine VT-4 construct was in-silico cloned in pET28a. Therefore, the designed construct VT4 may be studied to control the interaction of P. aeruginosa with host and infection caused by P. aeruginosa.
have several antigenic components that are involved in the development of immunity in the host against P. aeruginosa hence suitable as a vaccine targets. Major antigenic surface-associated components of P. aeruginosa are lipopolysaccharides (LPS) and outer membrane proteins (OMPs) because of their accessibility on the pathogen surface. In the adhesion and invasion mechanism during the host-pathogen interaction, outer membrane proteins play a major role to invade a host cell and enter in the tissue 16 . Hence, assessment of epitopes on the surface of these antigenic proteins is crucial for the development of an effective vaccine against P. aeruginosa 17 . LPS-based vaccines have been successfully tested in animal models as well as in clinical trials. However, the severe side effects observed in vaccinated individuals have made it necessary to develop chimeric vaccines 18, 19 . Numerous vaccine candidates have been tested against this ubiquitous opportunistic pathogen. Immunization with whole cell organism 20 , killed and live attenuated vaccine 21, 22 , outer membrane vesicles 23, 24 , outer membrane complex 11, 13, 25 , flagella 26 , pilin 27 and glycoconjugate vaccine 28 have been suggested as efficient vaccination approach against P. aeruginosa due to the abundance of immunogenic components in them. Many such vaccines tested experimentally in pre-clinical trials but only a few have reached the clinical phase, and none of them has been approved for market authorization 14 .
Current immunization strategies target multiple OMPs as antigens because there is no risks of pathogen reverting back to its virulent form as well as there are few adverse effects as compared to live attenuated or killed whole cell vaccination. This bacterium rapidly acquired the resistance against multiple antibiotics, natural products, herbal products which caused the problems worldwide. Recently, subtractive genomics 29, 30 and reverse vaccinology 31, 32 are using as a potent mechanism to filter-out antigenic and immunogenic proteins that can be used as a chimeric vaccine candidate. Subtractive approach subtracts pathogen OMPs that have a role in virulence or contain the essentiality factor which is the required for survival of the P. aeruginosa but not present in the human host 33 . Once shortlisted, antigenic and immunogenic epitopes of all vaccine targets will be analyzed using different tools. Using these immunogenic epitopes, the chimeric vaccine can be constructed and validated.
Materials and Methods
proteome of P. aeruginosa. To identify the chimeric vaccine candidates against pathogenic P. aeruginosa, we have downloaded 1191 proteomes of different strains of P. aeruginosa using UNIPORT server. Redundancy and non-redundancy analysis were carried out manually for 1191 P. aeruginosa strains. Reference proteome of P. aeruginosa (strain PAO1) has 5564 proteins were analyzed using different in-silico subtractive proteomics and reverse vaccinology approaches to determine the antigenic and immunogenic proteins/epitopes targets.
Identification of protein location. OMPs include a functional role in bacterial pathogenesis, OM permeability barrier, efflux pumps, diffusions of nutrients, membrane integrity and in active transport. For chimeric vaccine construction, bacterial OMPs has selected because of their antigenic and immunogenic behavior 34 . OMPs that plays an essential and virulent factor role may be useful in therapeutics design. Obtaining a detailed subtractive analysis (Fig. 1) firstly we executed the cellular localization prediction of 5564 proteins using most accurate bacterial localization servers PSORTb 3.0.2 35 , and CELLO 36 . These softwares identify the localization of proteins as extracellular, outer membrane, cytoplasmic, periplasmic and inner membrane. Investigation of proteins exported to periplasmic space. Using different servers (PSORTb 3.0.2 and CELLO), we have confirmed the proteins cellular location in the cell. Secretary nature of 918 non-human homologous proteins, were predicted using SignalP 4.0 37 . Proteins being exported from the inner membrane to periplasm following the sec pathway (secretory pathway) were predicted by identifying the presence of N-terminal signal sequences. The positive signal contained proteins were shortlisted to carry out further analysis.
Lipoprotein signal peptide detection. In bacteria, lipoproteins are determined as antigenic and immunogenic targets. To predict potential lipoproteins among the obtained exported proteins, we were used highly sensitive and specific PRED-LIPO software 38 . Proteins that contained the positive PRED-LIPO signal were considered as good antigenic targets. Shortlisted 482 secretary proteins were analyzed by PRED-LIPO program. 82 proteins were found to be lipoproteins and were separated from the list and the remaining 400 proteins were considered for further experiment. Out of these 400 proteins, 101 proteins are located in OMPs and extra-cellular proteins (ECPs) hence considered for further analysis.
Identification of trans-membrane alpha-helices.
The trans-membrane integral inner membrane proteins (IMPs) are the plasma membrane-spanning proteins and contain α-helices. To subtract those proteins that are being exported and getting embedded in the plasma membrane, the 101 obtained proteins were tested in TMHMM (Trans-membrane helices hidden Markov model for topology prediction) 2.0 39 server. The P. aeruginosa exported proteins that contain more than one TM α-helix with the standard settings were considered as integral IMPs. Non-IMPs proteins (<1 TM α-helix) were selected for further experiments.
proteins follow signal peptide-independent secretion pathway. Classical pathway transports protein from cytosol to periplasm while the non-classical pathway transports protein from periplasm to extracellular region. Non-classical pathway secreted proteins do not contain the signal peptides but still found in the bacterial extracellular region. With the help of SecretomeP 2.0 program 40 , 83 proteins were excluded due to its non-classical secreted extracellular proteins. The proteins with a SecP score of 0.5 and above were considered to be non-classically secreted. Finalized OMPs were BLAST against the 10 randomly selected non-redundant proteome using Ensembl database.
Identification of OMPs with an essential role. The database of essential genes (DEG) includes experimentally identified essential proteins which determined the pathogen essential proteins 41 . In DEG, BLASTp www.nature.com/scientificreports www.nature.com/scientificreports/ search was performed with a cut-off of 1e −04 E-value, and a bit score of 100, as well as the BLOSUM62 matrix that shortlisted fifteen OMPs of P. aeruginosa.
Identification of virulence-associated OMPs. Virulence factors associated with OMPs have a major role
in host-pathogen interaction and modulate host-defense mechanism. VFDB database is used for the identification of virulence-associated OMPs 42 . P. aeruginosa identified 15OMPs were subjected to BLASTp against VFDB protein core dataset (R1) with E-value was 1e −04 and default cut-off bit score >100. All 15 OMPs were predicted to be virulent.
Identification of proteins involved in pathogen-specific pathways.
Kyoto encyclopedia of gene and genome (KEGG) pathway database 43 explains the role of proteins in different metabolic pathways. To identify the unique and common pathways between the human host and P. aeruginosa, we have compared all enlisted metabolic pathways manually. The 15 OMPs were segregated based on their role in pathogen-specific (unique), and common (pathogen & host both) pathways. We have also identified the functional role of these 15 OMPs via pathways dependent or pathway independent analysis. Antigenicity prediction of oMps. As discussed above, comparative subtractive proteomics approach filtered-out 15 virulent OMPs out of 5564 proteins of P. aeruginosa. These 15 OMPs were considered as potential targets for chimeric vaccine design. Antigenicity of the virulent OMPs can enhance the immune response in the host cell; hence, we performed reverse vaccinology analysis outlined in Fig. 2 . Firstly, we carried out antigenicity analysis using VaxiJen server 44 . The proteins that contained the score value > 0.5 were considered for afterward analysis as an antigenic OMPs. protein-protein interaction network analysis. A chimeric vaccine against OMPs will affect the different protein expressions in the bacterial cell. These vaccines may affect the intra-species OMPs interacting Table 2 . Identification of MHC I epitopes using four different server and prediction of class I immunogenicity.
www.nature.com/scientificreports www.nature.com/scientificreports/ partners that resulted reduce the pathogenesis of P. aeruginosa infection. All OMPs protein-protein intra-species interaction analysis was executed to find out the proteins network for identified OMPs using protein interaction database STRING 45 . t cell MHC Class I epitope prediction. Antigenic 15 virulent OMPs were selected for the reverse vaccinology analysis. We have performed different T-cell epitope analysis for potent epitopes identification, using four independent servers like IEDB MHC-I prediction server 46 , MHC-NP 47 , NetCTLpan1.1 48 , and NetMHCpan3.0 49 . In the host cell proteasomal complex, pathogenic proteins naturally proceed into epitopes. The immune response against the pathogen is initiated by T-cell that interacts with MHC class I represented epitopes. The IEDB (http:// tools.immuneepitope.org/processing/) MHC-I processing predictions server identify epitopes that can interact with MHC I molecules. We have selected a MHC allele reference file that contains 27 different alleles that cover more than 97% of the world population. Other parameters of prediction tools were set to default. The MHC-NP server (http://tools.immuneepitope.org/mhcnp/) used the MHC elution experiment to predict the probability that a given peptide is naturally processed. The NetCTLpan1.1 (http://www.cbs.dtu.dk/services/NetCTLpan/) server is predicted proteins cytotoxic lymphocyte (CTL) epitopes. This server uses weight matrix, artificial neural networks (ANN), and TAP transport efficiency to predict peptides that have the potential for MHC-I binding, and proteasomal C terminal cleavage site. NetMHCpan3.0 (http://www.cbs.dtu.dk/services/NetMHCpan/) server using ANN predicts the ability of peptide-MHC class I binding. All 15 OMPs were analyzed by all four prediction methods individually. The top predicted epitopes from all the proteins were selected. Only those epitopes were selected for the further analysis presented in all four servers.
Class I immunogenicity prediction. IEDB server (http://tools.immuneepitope.org/immunogenicity/), a MHC I immunogenicity prediction tool was applied to identify MHC-Peptide complexes with potential immunogenicity in the infected host cell 50 . The shortlisted epitopes were analyzed using this server with default parameters. The epitopes that gained a positive immunogenicity score were selected for further analysis.
t-cell MHC Class II epitope prediction. IEDB, MHC Class II prediction server is used to identify T-cell
epitopes that can bind to MHC class II molecules 51 . The consensus (stabilization matrix alignment, and average relative binding matrix) prediction approach used to identify the potent MHC II binding epitopes.
Analysis of antigenic and toxicity behavior of epitopes. Obtained immunogenic epitopes (MHC I and MHC II) were analyzed for their antigenic and toxicity behavior. Both analyses were carried out using VaxiJen version 2.0 44 and ToxinPred tool 52 respectively. VaxiJen server (>0.5) predicts the antigenic behavior of epitopes by their physicochemical behavior. In the host cell, the specific immune response induced that will target only bacterial cell or also host cell was analyzed by the ToxinPred tool. Table 3 . MHC II epitpoe analysis using IEDB server and their toxicity and antigenicity analysis.
www.nature.com/scientificreports www.nature.com/scientificreports/ B-cell epitope prediction. To initiate humoral immunity, epitopes should be recognized by B lymphocytes.
B-cell epitopes were predicted by the different server like BCPREDS 53 , the FBCPred server 54 and IEDB server 55 . BCPRED and FBCPred cut-off score used in the present study is >0.8. Epitopes that predicted by all three servers were chosen for further study.
Comparison of predicted epitopes to select final epitopes for vaccine design. Final chimeric
vaccine sequence was designed using B-cell epitopes, MHC-I epitopes, and MHC-II epitopes after manual comparative analysis. Overlapping epitopes sequences were merged and used to constructs the final vaccine.
Hydropathy analysis of epitopes. For chimeric OMPs vaccine, all epitopes should have the hydrophilic nature (present on the surface) otherwise the epitopes will not be able to initiate the immune response in the host cell. Hydrophilic epitopes of OMPs are present on the surface of bacterium while hydrophobic epitopes are spanning in the bacterial membrane. GRAVY score analysis of epitopes was done using the ProtParam tool. The GRAVY (grand average of hydropathy) value of protein is calculated as the total of all the amino acids hydropathy values, divided by the number of amino acid residues in a given protein. A positive GRAVY value indicates that the protein is hydrophobic whereas a negative value indicates that protein contains hydrophilic properties.
MHC restricted alleles using cluster analysis. Using IEDB analysis, we have shortlisted the MHC class I and class II-restricted epitopes. MHCcluster v2.0 server was the additional crosscheck of identified epitopes, to confirm the prediction 56 . The server describes peptides and HLA functional relationship in the form of a static heat map and graphical tree.
Construction of design model vaccine.
To design chimeric vaccine targeted to OMPs, we were joined all the selected OMPs epitopes (HTL, CTL and B epitopes) using amino acid linkers (HEYGAEALERAG and GGGS linkers). Immunogenicity of constructs was enhanced by the addition of different adjuvants using 'EAAAK' linkers at both terminus (N and C). These adjuvant were 50 s ribosomal L7/L12 protein 57 , beta-defensin 58 , HBHA protein (M. tuberculosis, accession no. AGV15514.1), and HBHA conserved sequence 59 respectively. To improve the vaccine efficacy and potency non-natural pan DR (PADRE) 13 amino acid epitope (AKVAAWTLKAAAC) that induce CD4+ T-cells were also combined along with the adjuvants. Alexander et al. also explain that if PADRE glycoconjugates (i.e KXVAAWTLKAAZC, where X is l-cyclohexylalanine & Z is aminocaproic acid) is used then it will further enhance the IgG production 60 . Polymorphism of HLA-DR molecules in the worldwide population is overcome by PADRE sequence that has 100-fold more potency than the universal T helper epitopes. It was found that vaccine construct with PADRE sequence exhibited better CTL responses than a vaccine without it 61 . All adjuvant proteins are agonist to different TLR complexes that polarizes CTL responses which have a robust immuno-stimulatory effect 62 . www.nature.com/scientificreports www.nature.com/scientificreports/ Allergenicity, antigenicity and solubility prediction of design vaccine constructs. For a selection of the suitable vaccine constructs, all four vaccine constructs (VT1, VT2, VT3, and VT4) were analyzed using on the basis of their antigenicity, allergenicity and soluble prediction methods. For the allergenic behavior of vaccine, the constructs were analyzed by the AlgPred server 63 . Antigenicity of vaccine constructs was predicted using two servers: ANTIGENpro 64 and VaxiJen 2.0 44 server. Vaccine constructs solubility and corresponding probability (≥0.5) were predicted using SOLpro server 64 . physicochemical behavior analysis of vaccine constructs. Vaccine constructs physiochemical properties were characterized using Expasy ProtParam server 65 . This server is widely used for determining the number of amino acids, PI values, molecular weight, aliphatic index, instability index, and hydropathicity GRAVY values. Instability index of protein predicts proteins stability (<40). Aliphatic index value explains about vaccines thermostability. GRAVY explains the proteins hydrophilic or hydrophobic nature. prediction of the secondary structure. Various vaccine constructs were used for predicting its secondary structure components using PSIPRED v3.3 program 66 . PSIPRED 3.2 server accuracy is 81.6% which predicts the proteins alpha and beta helix and coil structure. www.nature.com/scientificreports www.nature.com/scientificreports/ docking of three vaccine constructs was performed with 10 different HLA alleles. Similarly, we also docked the vaccine construct (VT4) with TLR 4/MD2 complex (PDB ID 3FXI) with the help of PatchDock 67 . The 10 best solutions of PatchDock result were further refinement using FireDock. Docking of the vaccine construct (VT-4) with TLR 4/MD2 complex was also performed using ClusPro 68 . VT4-TLR4 complex molecular dynamics simulation was performed using Gromacs v5.1.2 as the published method 69 .
Molecular Docking study and Molecular Dynamics simulation.
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Codon optimization of design vaccine construct VT-4 and In-silico cloning. Java Codon
Adaptation Tool (JCAT) was developed to improve heterologous protein production in E. coli host strain 70 . Vaccine VT4 construct was reverse translated, and subsequently adapted for codon usage to E. coli. The prokaryotic ribosome binding sites, rho-independent transcription terminators, and few restriction sites were avoided. Gene sequence of final design vaccine construct VT-4 was cloned in E. coli pET28a vector, by Snapgene tool 71 that make sure vaccine construct expression.
Results
Comparative subtractive proteomic approach shortlisted P. aeruginosa strains. With the help of UNIPORT server, proteomes of different strains of Pseudomonas genospecies were downloaded that contains the list of 1224 strains. From 1224 different Pseudomonas strains, we have filtered out the 1191 strains of P. aeruginosa for further analysis. Redundancy and non-redundancy analysis were carried out manually for the proteome of 1191 P. aeruginosa strains. During comparison, 11 different groups of non-redundant strains were made. Nine strains of P. aeruginosa did not show any redundancy with the other Pseudomonas strains. Therefore, a total number of 20 (11 + 9) (Supplementary Table ST-1) strains of Pseudomonas were selected for further analysis. Proteome of P. aeruginosa PAO1 strain is considered as a reference proteome in the present study.
Identification of subcellular localization of the proteins. Vaccine design using subtractive proteome
analysis against the pathogen could minimize time, and resources for developing the therapeutic agent that have large targets. To achieve the potent proteins for vaccine construct, firstly, we have filtered all 5564 proteins (of reference proteome) on the basis of their sub-cellular localization. With the help of CELLO and PSORTb tool, we have filtered 982 different proteins out of 5564 proteins of P. aeruginosa PAO1. These 982 proteins localization is in the periplasm, the extracellular and outer membrane of the bacterial cell.
Identification of bacterial proteins that are non-human homologous.
To exclude out the cross-reactivity of vaccine with the human host cell, the potent vaccine should be designed against non-human homologous proteins. We found 918 non-human homologous proteins out of 982 proteins using BLASTp. These non-human homologous bacterial proteins were lead to vaccine construct that only interacts with the proteins of P. aeruginosa. signal peptide detection. The exported proteins are secreted out across the inner membrane and enter the periplasmic space. With the help of a positive signal in SignalP server, 482 P. aeuginosa proteins (out of 918 proteins) were selected as exported proteins. The exported proteins have more chance to be transported and located in the bacterial surface that might be a better target for vaccine design. Therefore, proteins with exported capacity were selected for further experiments. Table 6 . Characteristic properties of vaccine constructs determined using ProtParam server.
www.nature.com/scientificreports www.nature.com/scientificreports/ Lipoproteins of P. aeruginosa. With the help of acyl chain, bacterial lipoproteins are located in the outer membrane, inner membrane, and periplasm. With using PRED_LIPO program, we successfully identified 82 P. aeruginosa proteins as a lipoprotein. These lipoproteins can also be considered as potent antigenic targets, but in the present study, we are targeting the OMPs. Therefore, for designing chimeric vaccine constructs, we have excluded out these 82 lipoproteins and rest 400 proteins were considered in further experiments. tM α-helices containing proteins. In bacteria, secretory exported proteins have different locations. Some of the proteins located in the periplasm, some of them embedded into the outer membrane and some of them embedded in the periplasmic side of the inner membrane. These IMPs contain TM hydrophobic α-helices that act as an internal signal and helps in getting them embedded in the membrane. Out of 400 proteins, we only considered 101 proteins which are located in the OMPs. Using TMHMM server, we have found 18 P. aeruginosa proteins that contain more than one TM α-helices. These 18 proteins are considered to be inner membrane proteins and exclude out. Finally, filtered 83 were considered for further analysis. selection of oMps after elimination of the non-classical secretory proteins. Classical secretion pathway involved signal peptide while non-classical secretion system does not involve signal peptide sequence. To eliminate the non-classical secretory proteins, we have used SecretomeP 2.0 program. In SecretomeP 2.0 server, we have analyzed the 83 OMPs proteins of P. aeruginosa. In secP server, proteins that scored > 0.5 were considered as non-classical secretory proteins. We found 68 out of 83 P. aeruginosa proteins as non-classical secretory proteins. These proteins may be located in the extracellular region of the bacterial cell hence excluded from further analysis. This analysis leads to the selection of the final 15 unique OMPs proteins (Table 1) . BLAST using Ensembl genome database showed that all the 15 OMPs have sequence similarity with the 10 randomly selected non-redundant proteomes.
oMps have an essential protein of P. aeruginosa. Essential proteins as vaccine targets will cause the major effect on the bacterium, Hence, we have analyzed 15 OMPs proteins using DEG server ( Table 1) . Out of 15 proteins, one protein Q9HU51; uncharacterized protein is considered essential for the survival of P. aeruginosa strain.
All selected oMps have a role in the virulence of P. aeruginosa. A chimeric vaccine against the virulent factor associated OMPs will enhance the potency and efficiency of the protein. The VFDB database result (Table 1) showed that all 15 proteins are involved in the virulence of P. aeruginosa. Hence, these proteins are also considered as an essential target to inhibit the pathogenesis of P. aeruginosa. www.nature.com/scientificreports www.nature.com/scientificreports/ Pathogen-specific OMPs have been selected. P. aeruginosa and human host metabolic pathways (present in KEGG Database) manual comparison have done to find the shortlisted outer membrane pathogenic proteins role in the different pathways. This result identifies 42 unique pathogen pathways ( Supplementary Table  ST -2) with respect to P. aeruginosa and the remaining 79 pathways were common and found in both pathogen and host. Eight out of fifteen OMPs found to posse's metabolic pathways dependent and 7 remaining proteins were metabolic pathway independent proteins (Table 1) . outer membrane proteins are antigenic. From the subtractive proteome analysis, we have filtered out 15 OMPs that may use as promiscuous vaccine targets. We analyzed the proteins antigenicity using VaxiJen web server that found all are the potent antigenic OMPs ( Table 1 ). All 15 proteins were identified with the prediction score ranging from 0.5043 to 0.7906 .
selected proteins showed intra-species protein-protein interaction. STRING predictions of fifteen OMPs of P. aeruginosa showed the different intra-species interaction between the proteins. With the help of all interaction study, we might understand the protein networking of 15 OMPs. A chimeric vaccine against these 15 OMPs may affect all interacting network proteins that further enhance the efficacy of the chimeric vaccine. All proteins networking is shown in Supplementary Figure SF www.nature.com/scientificreports www.nature.com/scientificreports/ for analysis. IEDB MHC1, MHC-NP, netCTLpan1.1, and netMHCpan3.0 B cell epitope analysis identified the potent epitopes. From all servers, we have identified 221 epitopes ( Supplementary Table ST -3) in the 15 antigenic OMPs. To improve accuracy, we have filtered epitopes that were predicted by all four tools. In total, 80 common epitopes out of 221 epitopes were selected from these four servers.
selected MHC I epitopes are Immunogenic. Selected 80 MHC class I epitopes from different servers were analyzed for a class I immunogenicity and toxicity. A high immunogenicity score showed high potency to stimulate naive T cells and also induce cell-mediated immunity. In IEDB immunogenicity prediction, 80 epitopes gained a score range from 2.9388 to −0.0193 ( Supplementary Table ST -3). One protein i.e. uncharacterized protein (Q9HU51) identified potent epitopes did not show the positive values score hence excluded from further analysis. In this analysis, 50 epitopes of 14 different OMPs contained the positive value score were selected for further analysis (Table 2 ). www.nature.com/scientificreports www.nature.com/scientificreports/ selection of MHC-II epitopes in oMps for a chimeric vaccine design. MHC-II binding predictions of all 15 OMPs were subjected using IEDB server. On the basis of percentile rank as well as IC50 value (<50 nM), 41 epitopes ( Supplementary Table ST -5) were selected for afterwards analysis. MHC II prediction showed that thirteen out of 15 OMPs showed low percentile rank and higher affinity epitopes. Two OMPs (Q9I0W0; Outer membrane protein CzcC, and Q9I0E2; OpdB proline porin) did not show a good percentile for MHC II class epitopes.
toxicity and antigenicity prediction of MHC class I and MHC class II epitopes. Epitopes induced
cross-reactivity in the host tissue was identified using the ToxinPred server. The 50 MHC I epitopes and 41 MHC II epitopes were found to be non-toxic (Supplementary Tables ST-4 and ST-5). Antigenicity of potent MHC I epitope and MHC II epitopes were analyzed using VaxiJen web server. MHC I epitopes of protein (Q9I319, type III secretion outer membrane protein PscC) and MHC II epitopes of protein (Q9I319, Type III secretion outer membrane protein PscC and Q9HU51, uncharacterized protein) antigenicity value was less than 0.5, so these proteins epitopes were excluded as non-antigenic proteins. The result showed a total of 52 (30 + 22) epitopes contained the potent antigenicity. These 52 (30 + 22) (Supplementary Table ST-4 and Table 3 ) epitopes of MHC class I and MHC class II were selected. selection of B-cell epitopes in the oMps for development of a chimeric vaccine. These 15 OMPs were analyzed to predict the B-cell epitope that enhances the humoral immune response. B-cell epitopes were identified by three different IEDB BepiPred linear epitope prediction servers, BCPREDS, and FBCPred. All 15 OMPs BepiPred linear diagrams have shown in Fig. 3 . To improve the accuracy of epitope prediction, we selected epitopes which were predicted by all three tools. In total, 31 different epitopes (Table 4 ) of fifteen antigenic OMPs were selected from these three servers. These three servers gave the different length epitopes, and we have selected the epitopes on their antigenicity score by the vaxiJen server. In this, we selected 15 antigenic epitopes from all 15 proteins. physiochemical analysis of epitopes. To explore the epitopes physiochemical properties, we have used GRAVY (grand average of hydropathy) analysis using ProtParam tool. Firstly, we have selected epitopes with the high antigenic score from each 15 OMPs. After shortlisting of high scored 40 (13 + 12 + 15) epitopes for MHC I, II and B cell ( Table 5) , we have proceeded for GRAVY analysis. In GRAVY result, we have gained the negative value score of total 28 (5 + 8 + 15) epitopes of MHC I, II and B cell respectively. These shortlisted hydrophilic epitopes may be present in the outer surface and have more chance to elicit the high immunogenicity in the host cell. These hydrophilic epitopes were selected to design a chimeric vaccine construct. selected epitopes were analyzed for MHC restriction and cluster analysis. After physiochemical analysis, the selected epitopes were validated for the MHC interaction analysis using the MHCcluster. Interacted alleles were further assessed by cluster analysis and the result is shown as a heat map ( Fig. 4 ) and dynamic tree (Supplementary Figure SF 2 ) concerning to MHC class I and MHC class II. The epitopes are clustered by interaction with HLA. Red color suggesting strong interaction while yellow color indicates weak interaction.
Construction of chimeric vaccine. All shortlisted epitopes were used to design the chimeric vaccine. Using different analysis, we were shortlisted 5 different (QEAHWTINL, RSWQLRYDY, YESGYTEGL, GEYGTRFSL, and FGADHETAY) MHC I epitopes from 15 OMPs. Eight different MHC II epitopes (GETFVVDPRVKGQVS, ALELAGVLQQRLDDQ, GGPVLLDQRLSGDTS, QGFLLRYESGYTEGL, GNAIELDARGRYFAA, DAKYRAGAAALSDRL, AEARYAYLNAWLRLR, and DNGLELDGTLLRAKS) were selected using different analysis. From 15 OMPs, we have shortlisted 15 epitopes for B-cell (IVPNAEAKTEAGGG, PGESPGT, NPGLNAEYPAGTGCCSDGES, DSGSGSGGTGLLPA, RSTDEGGSRVNNRA, WRKEELEDRSVNTAGDAS, QGRGHPQAGDPNAR, RDRYSEGGGDNSRS, FEEGEGTRTDLLET, ALSDAPPRKDVPFRRKQDDR, EGSAGVSGGAGNGW, DLESAYTPGRVGFGLDLHGF, SKYDQTARDGRGER, GSQRGDDPRAKWDG, and DSEEGGGAGNGAVG). For vaccines construct, we have joined all epitopes with the help of linkers. To increase the vaccine immunogenicity, we have also added different adjuvants and PADRE sequence with the epitope sequences. We were made 4 different vaccines construct (VT1, VT2, VT3, and VT4). VT1 vaccine was merged with HBHA adjuvant, VT2 vaccine with HABA conserved sequence, VT3 vaccine with beta-defensin adjuvant and VT4 vaccine with 50 ribosomal L7/L12 protein. All detailed vaccine construct sequence was shown in Table 6 .
Antigenicity, allergenicity, and solubility prediction of design vaccine constructs. Four vaccine
constructs (VT1, VT2, VT3, and VT4) were further analyzed using the AlgPred, ANTIGENpro, VaxiJen 2.0 and SOLpro server ( Supplementary Table ST -6) . AlgPred server found all vaccine constructs have non-allergenic behavior. Antigenicity analysis of constructs was contained antigenicity score of more than 0.569 in ANTIGENpro and 1.5596 in VaxiJen 2.0 that suggests a good antigenic property of these four vaccines constructs. Using SOLpro, all four vaccine constructs were showed the good solubility (>0.9820) during its heterologous expression in the E. coli.
physicochemical analysis of design vaccine constructs. All four vaccine physicochemical properties
were analyzed using ProtParam server. In this, all vaccine constructs molecular weight range have found between 59-72 kDa. Different physicochemical values of all vaccine construct demonstrate that the protein is stable in respective pH (Table 6 ). GRAVY (a hydropathic index) was found to be a negative value (−0.544), that suggest www.nature.com/scientificreports www.nature.com/scientificreports/ the hydrophilic nature of the design constructs and presents strong interactions with water molecules. The high aliphatic index range (49.85 to 59.07) of all vaccines construct indicates the protein stability in several temperatures. Three (VT1, VT3, and VT4) out of four vaccine constructs showed Instability score (<40) which explain that protein has good stability to initiate an immunogenic reaction. The total negative amino acid residues (Asp & Glu) and the total positive amino acid residues (Arg & Lys) were shown in the respective tables. structure prediction of selected vaccine constructs. Secondary structures of the final three vaccine constructs were predicted using PSIPRED. The secondary structure of VT1, VT3 and VT4 vaccine constructs are shown in Fig. 5 . The structure of all vaccine constructs has alpha helix, beta-sheet, and beta turn. The model of VT1, VT3 & VT4 construct were generated and validated by the Ramachandran plot. The modeled structure and Ramachandran plot of VT4 is shown in Fig. 6 . Table ST- 7) . We have analyzed all three different constructs and finalized the one suitably, and best vaccine constructs i.e. VT4 that can be developed to control P. aeruginosa infection.
Interaction of vaccine constructs with

Interaction and Molecular Dynamics Simulation of VT4 with TLR 4.
The interaction between the TLR4 and adjuvants enhance the immune response. Hence, we have performed interaction study between VT4 with TLR 4/MD2 complex (PDB 3FXI). VT4 contains the adjuvant 50 s ribosomal L7/L12 protein. TLR 4 is agonist to an L7/L12 ribosomal protein that can increase the several immune responses in the host cell. The Patchdock docking result showed that negative (−11.11) binding energy that suggests a good interaction between VT4 and TLR-4/MD2 complex. This VT4-TLR4 complex further analyzed for docking using ClusPro. Best modeled ClusPro complex have minimum energy scored of −1009 which explained the interaction of VT4 with TLR-4 ( Fig. 7) . To further validate the interaction of the best-docked complex (from CluSPro), molecular dynamics simulation (MDS) was performed. MDS result also confirms that VT4-TLR-4/MD2 complex get stabilizes at 6 ns ( Fig. 8 ) that further confirms the interaction between VT4 with TLR-4/MD2 complex.
In-silico cloning of VT4 construct for its heterologous expression in E. coli. Chimeric vaccine
cloning and expression within the expression vector were analyzed by Java Codon Adaptation Tool. Reverse translation generates cDNA sequence that will be used for in-silico cloning. Codon optimization analysis of VT4 construct showed 77.50% GC content of constructs. The CAI value indicates the heterologous expression of the selected gene. VT-4 have CAI value of 1.0 that suggests that it will be highly expressed in E. coli cell. The DNA sequence of restriction sites for EcoRI and NdeI restriction enzyme was added at 5′ and 3′ ends respectably. VT4 was in-silico cloned into pET28a vector for its heterologous expression in E. coli using EcoRI and NdeI restriction enzyme ( Fig. 9 ).
Discussion
The burden of disease caused by P. aeruginosa is the most common pathogen causing acute healthcare-associated pneumonia in the critically ill, elderly and immune-compromised person is substantial. Treatment is complicated by the organism's resistance to multiple antibiotics and its capacity to form aggregates and biofilms on mucosal membranes and medical device surfaces. The establishment of persistent P. aeruginosa infection in those with chronic pulmonary disorders is also of considerable importance. Both acute and chronic P. aeruginosa infections are associated with significant morbidity, increased mortality and considerable cost to the health system and the community. There is no permanent cure and prevention for the multidrug-resistant P. aeruginosa. Studies have been done to screen herbal compounds 1,2 , nanomaterial 5,6 and in-silico design therapeutics 7, 8 to find some alternative to the current therapeutics currently used against P. aeruginosa. Recently, proteome-based approaches (Subtractive genomics and reverse vaccinology) are used to design multi-epitope vaccine in A. baumannii by our group.
In the present work, we have shortlisted the non-redundant 20 strains with the reference proteome of P. aeruginosa. Using reference proteome i.e P. aeruginosa PAO1 strain, 5564 proteins were analyzed on the basis of different subtractive approaches. In the subtractive analysis, we have shortlisted the proteome on the basis of cellular localization, lipoproteins, a transmembrane helix, and classical and nonclassical secretary analysis. After the shortlisting, we have identified 15 antigenic outer membrane proteins. These 15 OMPs were classified on the basis of essentiality using DEG server, virulence factor using VFDB, and pathway-dependent and independent analysis using KEGG database. These 15 OMPs were selected for chimeric vaccine design using the reverse vaccinology. Antigenic, non-allergenic, nontoxic MHC I, MHC II and B cell epitopes were identified using different servers. All selected epitopes were merged with different adjuvants and linkers to enhance the immune responses. After joining with the different adjuvants, four vaccine constructs (VT1, VT2, VT3, and VT4) have been made. These vaccine constructs were further analyzed for their antigenic, allergenic and toxicity behavior. The non-toxic and non-allergenic vaccine may be the good immunotherapy against the pathogenic P. aeruginosa. On the basis of physiochemical behavior, we have shortlisted the three vaccine constructs (VT1, VT3, and VT4) for further analysis. Furthermore, docking based interaction analysis was performed to elucidate the binding affinity of designed vaccine with the different HLA molecules i.e. DRB1*03:01, DRB1*15:01, DRB3*02:02, DRB5*01:01, www.nature.com/scientificreports www.nature.com/scientificreports/ HLA-B*44:03, HLA-B*53:01, HLA-B*15:01, HLA-B*39:01, HLA-B*58:01 and HLA-B*35:01. With the help of docking analysis, we have shortlisted the VT4 as a potential vaccine that may enhance the immune response in the host cell. We have added different adjuvants to enhance immune response. We have also validated the interaction of VT4 with the TLR4/MD2 complex. Chimeric vaccine construct VT-4 against the P. aeruginosa may be used to generate the immune response and have the potential to interact with various HLA alleles. In the design vaccine constructs VT4, we have also added adjuvant L7/L12 ribosomal protein, Pan-DR epitopes, and linker along with multi-epitope sequences that may also enhance the significant P. aeruginosa specific immune responses. Therefore, in brief, we have taken possible significant factors that may induce the immunogenicity and feasibility of the vaccine construct VT-4.
Conclusion
The availability of complete proteome of bacteria is facilitating many computational approaches. The data presented here demonstrate that stepwise prioritization of proteome using different comparative proteomics and reverse vaccinology approaches which are an effective way of rapidly reducing the unwanted number of P. aeruginosa proteins. This process is an efficient way of enriching the potential target, and for identifying those that are critical for normal cell function and have a virulent role in the host cell. Such a strategy will enable us to locate antigenic and immunogenic OMPs vaccine targets that have a role in pathogenesis. The antigenic, non-allergenic, nontoxic MHC I, MHC II and B cell epitopes were merged with different adjuvants and linkers to enhance the immune responses that further improves the effectiveness of the final chimeric multi-epitope vaccine VT-4. In addition to this, the designed vaccine VT-4 needs to be experimentally validated to ensure its efficacy against P. aeruginosa infections. The recommended vaccine (VT-4) need to be also validated in animal models before use against P. aeruginosa.
